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[1] We report that Joule heating in Enceladus, resulting from the interaction of
Enceladus with Saturn’s magnetic field, may account for 150 kW to 52 MW of power
through Enceladus. Electric currents passing through subsurface channels of low salinity
and just a few kilometers in depth could supply a source of power to the south polar
terrain, providing a small but previously unaccounted for contribution to the observed
heat flux and plume activity. Studies of the electrical heating of Jupiter’s moon Europa
have concluded that electricity is a negligible heating source since no connection between
the conductive subsurface and Alfvén currents has been observed. Here we show that,
contrary to results for the Jupiter system, electrical heating may be a source of internal
energy for Enceladus, contributing to localized heating, production of water vapor, and the
persistence of the “tiger stripes.” This contribution is of order 0.001–0.25% of the total
observed heat flux, and thus, Joule heating cannot explain the total south polar terrain
heat anomaly. The exclusion of salt ions during refreezing serves to enhance volumetric
Joule heating and could extend the lifetime of liquid water fractures in the south
polar terrain.
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1. Introduction

[2] The relativemotion of amoon, or secondary, through the
magnetic field of its primary may result in a host of electro-
magnetic effects, depending on the internal composition and
geological activity of the secondary [Panofsky and Phillips,
1962; Sonett et al., 1970; Kivelson et al., 2004]. In particu-
lar, unipolar induction may result from the Lorentz force F =
q(v × B), where v is the relative velocity of the secondary, B is
the field of the primary, and q is the charge quantum. Unipolar
induction applied to planetary bodies was first explored by
Piddington and Drake [1968] and Goldreich and Lynden‐Bell
[1969] for the case of Io. In this hypothesis, currents flow
through the ionosphere of Jupiter, down the flux tube to the
sub‐Jovian equatorial region of Io, through Io, and then back to
Jupiter after exiting at the anti‐Jovian equatorial region.
However, the dense plasma and mass loading from the iono-
sphere into the Io torus likely shunt this circuit yielding little
Joule heating internal to Io [Goertz, 1980; Saur et al., 2004].
[3] Sonett et al. [1970] explored unipolar induction for a

variety of worlds, including asteroids, comets, and the
Moon. Colburn and Reynolds [1985] considered Europa and
found the resulting potential to be 82 kV per hemisphere. At

Europa, however, the flow of current is impeded by a very
insulating ice shell; only if the external flux tube current
contacts the conducting ocean water through fractures in the
ice will significant currents pass through the ocean and
generate heat. Absent evidence for an active Europan ice
shell that allows for such a circuit, little more can be said
about currents passing through Europa.
[4] Recent observations by the Cassini spacecraft, however,

present several compelling reasons to consider unipolar
induction and Joule heating for Saturn’s moon Enceladus.
First, the observations of plume activity [Dougherty et al.,
2006; Spencer et al., 2006; Porco et al., 2006], plume chem-
istry [Waite et al., 2009; Postberg et al., 2009], and surface
deformation [Collins and Goodman, 2007] make a strong case
for a subsurface liquid water reservoir. Second, plume activity
is concentrated along four parallel linear features (“tiger
stripes”) that dominate the south polar terrain (SPT); these
features are ∼150 km long and roughly evenly spaced at
∼30 km intervals. The combination of active fractures in the
surface ice and a possible subsurface conducting region pro-
vide the conditions needed for unipolar induction and Joule
heating.
[5] In addition, the ionosphere of Saturn provides some

clues to the magnetospheric connection with Enceladus. In
the Jovian system the magnetic field interaction with the
satellites Io, Europa, and Ganymede is clearly visible in the
auroral footprint of Jupiter’s ionosphere [Clarke et al., 2002].
The Saturnian system, however, has a weaker magnetic field
and the axis of the dipole component is aligned with the
rotation axis of Saturn; consequently emissions resulting
from the interaction of the saturnian magnetosphere with the
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plume environment of Enceladus are expected to be just a
few tenths of a kilorayleigh. Consistent with the detection
limits of the Hubble Space Telescope, no such emissions
were identified [Wannawichian et al., 2008]. Recent Cassini
observations, however, show an auroral spot on Saturn
associated with Enceladus. This auroral activity indicates the
flow of currents in the region around or within Enceladus
[Rymer et al., 2009, 2010; Pryor et al., 2009].
[6] Finally, Joule heating is important to consider because

the anomalously large heat flux of more than 5.8 GW, and
possible more than 15 GW [Spencer et al., 2010], measured
for the SPT is considered by some to be a “puzzle” [Meyer
and Wisdom, 2007]. While tidal heating may be a sufficient
explanation [Ross and Schubert, 1989] other sources of
heating are important to consider.

2. Model

[7] Saturn’s magnetic field and rotation axes are nearly
aligned. The vertical component of the magnetic field at
Enceladus is 325 nT and the relative motion of the plasma in
the frame of the moon is 26.1 km s−1 [Dougherty et al., 2006].
Due to slowing of the plasma in the region around Enceladus,
the relative velocity of the plasma parcels that encounter
Enceladus may be less than 26.1 km s−1 [Neubauer, 1980;
Khurana et al., 2007; Tokar et al., 2009]. The resulting electric
field, E = ‐vB, has a maximum value of −8.5 × 10−3 V m−1,
leading to a change in potential of ∼4300 V across the full
diameter of Enceladus or ∼1100 V across the SPT.
[8] The electric field clearly scales with any reduction in

relative velocity. During the initial formation of the tiger
stripes features, and prior to the formation of the large
plume, the relative velocity, and thus the electric field,
would have been at a maximum because there would have
been no conductive disturbance around Enceladus. Any
reduction in relative velocity lowers the potential across the
SPT. Interestingly however, a reduction in velocity leads to
an increase in the plasma density in the region of the SPT
and likely leads to an increase in current available to the
SPT. As shown below, the current scales with the square
root of the plasma density and thus the increased current
compensates for the reduction in potential.
[9] The current available through an Alfvén wing is the

integral of the surface current density,

j ¼ 2
B

�0
1� Ei

E0

� �
sin� sin �; ð1Þ

over the surface area of the cross‐section closure supplied
by the conducting region [Neubauer, 1980]. Here E0 is the
electric field external to the Alfvén wing and Ei is the field
internal to the conducting region. The angles � and � are the
Alfvén wing cross‐section angle over which to integrate the
current density and the Alfvén wing bend angle, respec-
tively. As shown by Neubauer [1980], the bend angle is
related to the Alfvén conductance, SA, by

sin � ¼ �0SAE0

B
: ð2Þ

The Alfvén conductance is ∼1/m0VA where the Alfvén
velocity is VA = B/

ffiffiffiffiffiffiffiffi
�0�

p
and r is the plasma density, which

for the case of Enceladus is based on Cassini measurements

[Khurana et al., 2007; Persoon et al., 2009]. Integration of
� is typically done over 0 to p to account for current flowing
in and out of the full disk, but in our analyses we also
consider the case in which only a fraction of the current
available in the disk flows through a conductive path made
accessible by the tiger stripes.
[10] For a moon the integrated current supplied by the

Alfvén wing over the full cross section yields a total current,
I = 4(E0 − Ei)RSA. The radius R denotes the radius of the
Alfvén wing column and is typically equal to, or greater
than, the radius of the object obstructing the plasma (i.e.,
R ∼ REnceladus).

3. Results

[11] The available current and electrical potential lead to
power dissipation within a conducting region of Enceladus
given by [Neubauer, 1980]

P ¼ 4�R2SAEi E0 � Eið Þ: ð3Þ

Maximum Joule heating occurs for impedance matching of
the internal and external loads, such that Ei = E0/2 and,
Pmax = pR2SAE0

2. If Enceladus harbors a global subsurface
ocean and fractures on the sub‐Saturnian and anti‐Saturnian
faces permit connection of the ocean to the plasma, then
the full radius of the moon could yield Pmax = 52 MW. For
the specific case of the SPT, where the observed plumes
provide direct evidence of communication with the subsur-
face, the appropriate R is defined by the length, L, of the
tiger stripes. Observations show L ∼ 150 km [Porco et al.,
2006] with a strike of approximately 30° off the radial
line from Saturn, leading to an effective length of ∼130 km
and R ∼ 65 km. Figure 1 shows the magnetic field and
electric current configuration for the SPT. For the case of a
south polar sea of radius ∼65 km and with sufficient surface
connection to harness the full integrated current of the
Alfvén disk, maximum power dissipation due to Joule
heating is 3.5 MW. Considering just one tiger stripe with a
spatial extent capable of only harnessing a 45° swath of the
full disk of current density at the sub‐ and anti‐Saturnian
regions, Pmax = 2.7 MW. Similarly, a reduction in relative
velocity by 20% or 40% due to slowing of the plasma in the
region of Enceladus leads to a reduced potential and maxi-
mum power dissipation of 2.2 and 1.3 MW, respectively.
[12] If, as mentioned above and by Farrell et al. [2009],

the reduction in relative velocity leads to a denser plasma
in the region around the SPT then the increased capacity
for sourcing current to the SPT could maintain Pmax at
∼3.5 MW, as increased current compensates for loss in
potential. Increasing the plasma density from 60 particles
per cm3 to roughly 600 particles per cm3 leads to a threefold
increase in Pmax.
[13] However, observations of electron dropout near

Enceladus [Farrell et al., 2009] raise interesting questions
about the mobility of charge through the plumes and into
Enceladus’ interior. Measurements from the Cassini Radio
and Plasma Wave System (RPWS) indicate a possible
decrease in electron density from ∼90 el cm−3 to below 20 el
cm−3 and a decrease in velocity to 7 km s−2 during closest
encounter. The cause of the dropout is not entirely clear, but
if the electrons are being absorbed by ice grains and not
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available for current flow then the low‐end estimates for
power available for Joule heating across Enceladus’ diam-
eter and across the tiger stripes drops to 2.2 and 0.15 MW,
respectively.
[14] The above calculations lead to a range of 150 kW to

52 MW for Pmax, with the SPT geometrically constrained
value being ∼3.5 MW for a charge density of 60 particles
per cm3 and a relative velocity of 26.1 km s−1.
[15] Impedance matching, and hence power dissipation,

depends on the conductivity of the ice or water in the sub-
surface. Considering power per unit volume, sEi

2, we cal-
culate power dissipation as a function of conductivity and
hence salt concentration. For a given volume, V, we solve
for the conductivity of the water, s, via

� ¼ 4�SAL2 cos2 � E0 � Eið Þ
VEi

ð4Þ

and find power dissipation as a function of subsurface
conductivity, P = sEi

2V.
[16] To examine power dissipation as a function of

salinity we consider a subsurface sea of volume L2d, where
d is the depth of the sea, and cases in which conductive
fractures of length L and cross‐sectional area A supply the
current path. Figure 2 shows results for Joule heating in the
south polar terrain of Enceladus as a function of conduc-
tivity, relative velocity, and conductor volume. The maxi-
mum power is constant, 3.5 MW, but as conductivity, and

hence salinity, increases smaller volumes are required to
achieve maximum power dissipation. Volumes chosen rep-
resent test cases for tiger stripe and SPT geometry and are as
follows: (1) a conductive subsurface south polar sea with
dimensions 150 × 150 km by 10 km deep; (2) a single tiger
stripe with a subsurface conducting region 1 km wide by
150 km long and 10 km deep; and (3) a single tiger stripe
with a subsurface conducting region 100 m wide by 150 km
long by 5 km deep. The dimensions for cases 2 and 3 were
selected to be consistent with the geometry of the tiger
stripes and geophysical models for Enceladus [Porco et al.,
2006; Nimmo et al., 2007; Barr and McKinnon, 2007]. They
were also chosen to achieve near‐maximum power dissi-
pation for a conductivity corresponding to that of low‐end
estimates for the salinity of water in Enceladus [Zolotov,
2007; Postberg et al., 2009; Schneider et al., 2009]
(case 2) and that of the Earth’s ocean, with s = 2.75 S m−1

(case 3). Results for cases 2 and 3 are also applicable to
the configuration of four fractures at one quarter of the
above defined widths, e.g., case 2 can correspond to four
fractures 250 m wide and case 3 can correspond to four
fractures 25 m wide. Interestingly, volumes considerably
smaller than case 3 require conductivities that are too high
to be achieved with salt water solutions [Hand and Chyba,
2007]. Larger volumes (e.g., a south polar sea as in case 1)
achieve maximum Joule heating when conductivities are
considerably less than terrestrial ocean conductivity; values

Figure 1. Schematic diagram of electromagnetic interactions along conducting fractures of the south
polar terrain of Enceladus. The inset shows the global‐scale magnetic field flow past Enceladus and
the field disturbance observed by the Cassini spacecraft [Khurana et al., 2007]. If the tiger stripe frac-
tures permit connection of the magnetospheric plasma to a conducting liquid or slush within the fractures,
then currents will flow and Joule heating will occur. The magnitude of heating depends on the magnetic
field strength, the relative velocity of the plasma, the length and volume of the fracture, and the con-
ductivity of the material.
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of 10−3–10−4 S m−1 are comparable to normal “tap” water
for drinking.

4. Discussion

[17] The few tenths to tens of megawatts of power available
from Joule heating in the SPT cannot explain the several
gigawatts of power radiating from the surface [Spencer et al.,
2006]; however, Joule heating does provide a mechanism
through which energy in the magnetosphere of Saturn can be
transferred to the SPT of Enceladus. Though tidal heating and
shear heating have been invoked to explain the surface heat
flux [Meyer and Wisdom, 2007; Nimmo et al., 2007], both
mechanisms suffer limitations. Tidal heating cannot explain
the initiation of the heat flux; a low‐viscosity or liquid water
region is required ab initio to permit significant tidal heating.
Shear heating is proposed to produce at most 285 MW per
150 km [Nimmo et al., 2007]. Decomposition of clathrates
has also been invoked [Kieffer et al., 2006]. Common among
many of these models is an assumed preexisting heat source
capable of producing liquid water coupled to the proposal that
latent heat from liquid water or sublimation can explain the
thermal signature of the SPT. Joule heating also suffers from
the initialization problem; without a salty liquid water con-
ducting region in contact with the surface no currents will
flow [Reynolds et al., 1983].

[18] As reported by Nimmo et al. [2007] and Tian et al.
[2007], the recondensation of ∼103 kg s−1 of water vapor
could yield much of the observed 3–7 GW of power. Based
on the calculation presented here, we conclude that Joule
heating could provide a small source for generating water
vapor that recondenses on the surface. Joule heating of
0.15–50 MW could contribute 0.15–50 kg s−1 of vapor to
the plume, amounting to a few percent of the vapor flux
[Tian et al., 2007].
[19] An interesting geophysical consequence of Joule

heating is that it may serve to prevent, or at least abate,
freezing and sealing of existing fractures. The conductivity
corresponding to Pmax is

� ¼ 16

�2d
SA � SA

d
: ð5Þ

[20] In other words, for a given Alfvén conductance the
conductivity of the sea corresponding to maximum Joule
heating is inversely proportional to the depth of the sea.
Deeper seas require lower conductivity, i.e., lower salt con-
centrations, to achieve Pmax. Herein lies an interesting rela-
tionship: as freezing occurs conductivity increases due to
ion exclusion and the remaining conductive solution may
maintain maximum dissipation. Once a fracture opens,
refreezing will serve to concentrate solutes and ions, thus

Figure 2. Total power from Joule heating in the south polar terrain of Enceladus as a function of conduc-
tivity, relative velocity, and conductor volume. Cases 1, 2, and 3 as described in the text are shown from left
to right. Solid lines indicate a relative velocity of 26 km s−1 (100% of Enceladus’ relative velocity), dashed
lines indicate 20.8 km s−1 (80% of Enceladus’ relative velocity), dotted lines indicate 15.6 km s−1 (60% of
Enceladus’ relative velocity). For a given volume of subsurface conductive material (salt water), there exists
a conductivity for which power dissipation achieves a maximum. Conductivities corresponding to Earth’s
ocean (2.75 S m−1) and low‐end estimates for Enceladus [Postberg et al., 2009; Zolotov, 2007; Schneider
et al., 2009] are shown.
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increasing conductivity while decreasing volume. The total
Joule heating will not change because v, B, and L remain
constant, but the volumetric heating increases and serves to
impede further freezing.
[21] Future Cassini flybys of Enceladus will help further

constrain the solute concentration of both the surface ice and
plume material, thereby allowing an improved understand-
ing of possible Joule heating in the subsurface. Magnetic
field perturbations resulting from any currents running
through the SPT are unlikely to be detected. Using an ide-
alized case where B = m0I/2pr and a maximum current of
∼4000 A, we calculate an effect on the order of a few
nanotesla for a closest approach, r, of 100 to 50 km.
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